Inductively coupled plasma-mass spectrometry (ICP-MS)and inductively coupled plasmaatomic emission spectrometry (ICP-AESlwere used to determine age-related changes in the concentrations of constituent elements in the livers of Wistar rats of 1 week to 12 months old. At first, sample preparation and analytical conditions were investigated in order to set up a simple routine procedure for measuring multiple elements simultaneously. Seventeen elements in the standard reference samples of bovine and pork livers as well as rat liver samples could be determined with a reasonable precision and reproducibility. They were P, K, Na, Fe, Mg, Ca, Zn, Rb, Cu, Mn, Mo, AI, Co, Sr, Cs, Pb, and Cd in order of the levels of concentration in the adult rat livers. Of these elements, the five major elements (P,K, Na, Fe, Mg, Cal were determined with ICP-AESand the others with ICP-MS. Although the number of animals was too small to draw a statistically definite conclusion, it seems that age-related changes in the concentrations of these elements could be categorized into three general patterns: (I) remaining essentially constant throughout the animal ages, as observed for P, K, Na, Mg, Ca, Rb, Sr, Cs, and Pb, (2) increasing with age, as observed for Fe, Mn, Mo, Co, and Cd, and (3)decreasing with age, especially in the early stages of growth, as observed for Cu and Zn.
The concentrations of constituent elements in animal organs and tissues are sometimes good indicators of the physiological and pathological conditions of the animals. The normal values of the elemental concentrations in each organ and tissue are needed as reference data for animal experiments. There have been a number of reports about the Correspondence to: Dr Sentaro Takahashi, Environmental and Toxicological Research Group, National Institute of Radiological Sciences, concentrations of various elements in the organs of experimental animals under normal as well as pathological conditions. However, the number of elements determined in a specific organ of an individual animal has been limited in these previous studies, especially those using small animals such as rodents. That is because the simultaneous and sensitive determination of multiple elements is generally difficult using the analytical methods commonly used in these previous studies, e.g. atomic absorption Table 1 Age, body weight and liver weight of rats, and the ratio of dry to wet liver weight Values aremeans±SD of six animals in 1 and 2 weeks groups, and of three animals in the other groups. The body and liver weights are measured in grams. The age of the pregnant animals were 11-13 weeks old (55±5% RH), light/dark (12/12 light/dark cyclel, and ventilation (14-16 fresh air changes per. hourI. The animals were kept in polycarbonate cages (25 x 36 x 25 cm, two animals/cagel with a stainless steel mesh floor and lid, and given a commercial pelle ted diet (MB-l, Funabashi Farm Co. Ltd, Japan) and tap water ad libitum.
Theanimals were mated randomly at between 9-12 weeks old, and 18 pregnant females were obtained. Two groups of three pregnant females were killed by cutting the abdominal aorta under deep halothane anaesthesia at 10 and 17 days of gestation, respectively. The age of these pregnant animals was 11-13 weeks at the time of sacrifice. The remaining pregnant females were housed individually in the same type of cage using laboratory tissue paper as bedding (KimWipe 5-200, Jyujyou-Kimbarly Co. Ltd, Japan), and allowed to give birth. A total of 139 offspring were obtained, and 27 females were sacrificed to collect the livers at I, 2, 4 weeks and 2,4,6, and 12 months after birth. Three liver samples from three rats were analysed for the 4 weeks and 2-12 months groups. In the group killed at 1 week after birth, two samples each of the livers pooled from three animals were analysed. In the 2weeks group, three pooled samples consisting of two livers each were analysed. The animals were killed by exsanguination under deep halothane anaesthesia, and the livers were collected, weighed, and stored at 
Materials and methods
The reference samples of animal tissue used were bovine and pork livers. The bovine liver was the Standard Reference Material 1557b issued by the National Institute of Standard and Technology (Gaithersburg, Maryland, USA). The pork liver was that issued by the Food Detection Science Institute, Ministry of Commerce (Beijing, China). Both reference samples were obtained from a domestic distributor and stored under the conditions specified in their certificates. Liver samples were collected from female Wistar rats /Wistar:SLC) of different ages. Initially 20 females and 10 males (4 weeks old and SPF grade, originated from four different litters) were purchased from a domestic breeder (SLC Co. Ltd, Shizuoka, Japan), and housed in a conventional grade animal room under a controlled environment of room temperature (23 ± 2°C), humidity spectrometry, X-ray fluorescence analysis, and inductively coupled plasma-atomic emission spectroscopy (ICP-AES).
Recently, inductively coupled plasmamass spectrometry (ICP-MS) has been used for the accurate and precise determination of trace elements in a variety of materials including biological samples (Aggarwal et al. 1994) . The main advantages of ICP-MS over the classical methods are its lower detection limits; analytical speed, relative lack of chemical interference, and multi-elemental capacity. For example, we have determined more than 25 elements in relatively small amounts of plant samples using this method (Yoshida & Muramatsu 1997) .
In the present study, sample preparation and analytical conditions, including acid digestion with a microwave oven, were initially investigated in order to develop a simple routine procedure for the simultaneous determination of multiple elements in animal tissues. To validate the method, two standard reference samples of animal tissues were processed and analysed for 17 elements. Secondly, by using the method, we studied the age-related changes in the concentrations of major and trace elements in Wistar rat livers.
-70°C. The weights of body and liver are shown in Table 1 . The livers of male offspring were also collected at 2-4 months after birth and used for preliminary experiments to establish analytical procedures and mea· surement conditions. The remaining off· spring and parents were used for other experiments. All these animal breeding and experiments were carried out with the per· mission and under the regulation of the Institutional Committee for Animal Safety and Welfare of the National Institute of Radiological Sciences, and in accordance with the Regulations on Appropriate Animal Breeding and Treatment, Ministry Office of Japan.
The frozen livers were cut into small pie· ces, and dried at -20°C for approximately 12 h in a freeze dryer and at 70°C for 3 h in an electric oven. The reference samples (bovine or pork liver powder) were also dried at 70°C. for 3 h before use. Two hundred micrograms of the reference sample or the rat liver sample were pre-digested in a Teflon beaker with an acid solution of 7.5 ml HN03 (68%) and 1.0 ml HF (38%) at 80°C for 3 h. Then the sample in acid solution was transferred to a Teflon ™ PFA pressure decomposition vessel (CEM Corporation, North Carolina, USA), and heated in a microwave digester (MDS· 2000, CEM Corporation) for 2 h. For nine vessels, the digester power was set to 420 W. Pressure in the vessels usually reached about 80 psi. After cooling, the content was again transferred to a Teflon beaker, and evaporated to dryness at about 150 a C. Then, 1.0 ml HN03 and 0.5 ml HCI04(70%) were added, and the content was again heated to dryness. Finally, the residue was dissolved in 1.0 ml HN03 (27%) and made up to a 20 ml final volume. The acid solutions and dilution water were ICp·MS grade reagents (Class AA· lOa, Tama Analytical Co. Ltd, Kawasaki, Japan).
Preliminary investigations with pooled male livers or reference samples, where we tried to measure as many elements as possible, showed that 11 elements (AI, Mn, Co, Cu, Zn, Rb, Sr, Mo, Cd, Cs, Pb) could be quantified by ICP-MS (HP4500, Yokogawa· Hewlett Co. Ltd, Tokyo, Japan) with reason· able accuracy and precision. The detailed 99 operation conditions of ICP·MS were descri· bed elsewhere (Yoshida et al. 1996 , Yoshida & Muramatsu 1997 . In brief, with a plasma frequency of 27.12 MHzj RF power of 1.2 kWj argon flow of 14 ljminj sampling distance of 4.8 mm, Rh, In, and Bi were used for internal standards to compensate for changes in analytical signals during the operation. The major elements (Na, Mg, P, K, Ca, Fe) were analysed by ICP·AES (SPS7000A, Seiko Electric Co. Ltd, Tokyo, Japan). The standard solutions were prepared from SPEX™ Multi Element Plasma Standard (SPEX Industries Inc., NJ, USA) and used to obtain calibration curves. The detection limits of these elements in the standard solution were very low, as shown in Table 2 .
One sample solution was measured three times with ICP-MS to determine the trace elements and measured twice by ICP·AES to determine the major elements, and the average concentrations (Ilgjg dry weight) of each element were calculated. The standard reference samples were processed and ana· lysed in five independent runs. In the rat liver samples, three samples of each age group were analysed separately, and the results were expressed as means ± SD (n = 3).
Results

Validation of analytical procedure
Analytical results of the standard reference samples of pork and bovine livers are shown in Table 2 , in which the five major elements (P, K, Na, Fe, Mg, CaJ were determined with ICp·AES and the others with ICp·MS. With the pork liver, the errors of measured values were less than 10% of the certified values for 9 of the elements, Na, Mg, Ca, Fe, Mn, Cu, Zn, Mo, and Pb. The errors were 14% and 27% for Cd and K, respectively. For P and Co the certified values were not provided, but the measured values were well consistent with additional information (non-certifiedl values. With the bovine liver, the errors of measured values were less than 10% of the certified or additional information values for 11 of the elements. The errors were less than 20% for Cu and Pb, less than 30% for K and Sr, and 34% for AI. No certified value for Cs was provided in these standard reference * In these elements, the levels of five elements (Na, Mg, P, K, Ca, Fe)were determined with ICP-AESand the others with ICP-MS t Detection limits were calculated by using the counts obtained from 1% HN03 solution (blank) and the known concentration of multi-element standard solutions under the normal operation conditions, and were defined asthe concentrations giving the counts three times those of the standard deviation of the background counts § RSDdenotes a relative standard deviation of mean values in five independent runs Most of these are certified values, but a few are information (non-certified) values samples. Precision calculated over five independent runs was typically less than 10% relative standard deviation (RSO) for most elements in both the pork and bovine liver samples. The RSOs for Pb and Sr were larger than those for the other elements, but were less than 20%.
Concentrations of elements in rat liver
The concentrations of 17 elements in the rat liver are summarized in Table 3 . The values shown are the means of two pooled samples in the l-week-old group, and mean ± so of three samples in the other age groups. The units of elemental concentration are expressed as Il/g dry weight (ppm), and can be converted to Ilg/g wet weight by using the dry/wet weight ratios presented in Table 1 . The highest concentrations were observed for P, followed by K. To illustrate a tendency of age-related change in the concentration of each element, the data from Table 3 and 2). Although the number of animals used was not enough to define the statistically significant difference between the different age groups, it may be possible to classify the age-related changes into three general patterns: (11 remaining relatively constant throughout the experimental period as observed for P, K, Na, Mg, Ca, Rb, Sr, Cs and Pb, (21 increasing with age as observed for Fe, Mn, Mo, Co, and Cd, and (3) decreasing with age especially in the early stages of growth, as for Cu, Zn. Pregnancy seemed not to alter the concentrations of the elements examined, except for AI, which tended to be lower in the pregnant animals than the adults.
Discussion
By using ICP-MS and ICP-AES in the present study, the levels of 17 elements could be determined with reasonable accuracy and precision. The amount of sample used in the ;:
Age of animals
Age of animals reviewed the application of mass spectrometry, and concluded that ICP-MS had many advantages in determining trace elements in biological samples. As demonstrated in the present study, ICP-MS analyses with microwave acid digestion can provide a rapid and multi-elemental determination of trace elements using a relatively small amount of animal tissue, and can thus contribute to a reduction in the number of experimental animals that need to be used in this kind of study.
Eleven elements could be determined by ICP-MS in the present study. We have successfully determined 25 elements in plant samples (tomato leaves and mushrooms) and of more than 50 elements in inorganic samples (rocks and soil) by using a similar sample preparation procedure (Yoshida et al. 1996 , Yoshida & Muramatsu 1997 . The relatively small number of elements determined here, compared with those in the previous studies, was attributed to a high concentration of matrix elements and a low concentration of trace elements. The number of elements determined here is comparable to that by LeBlondel et al. (1988) and LeBlondel and Allain (1988) who determined 14 elements in rat organs. The number of elements which could be determined by ICP-MS in approximately 1-5 ml of blood or serum was similar to that determined here IVanhoe et al. 1989 , Krachler et al. 1997 . In a preliminary experiment, we tried to measure elements other than those reported here, especially those of interest in physiological and toxicological studies, such as Hg, Se, Cr, and Ni. However, as reported previously, high background levels caused by polyatomic interference from plasma gas, coupled with low reproducibility due to memory effects, made it difficult to determine these elements with a reasonable precision (Vanhoe et al. 1989 , Yoshida et al. 1996 .
To the best of our knowledge, there have been no reports that have determined the age-related changes in the concentrations of as many elements as determined in the present study, although there are a number of data on the concentrations of major, minor and trace elements in rat livers (Shinogi et al. 1980 , Bertram et al. 1982 present study (0.2 mg) is comparable to that necessary to determine the presence of a few major and minor elements using atomic absorption spectroscopy (Palm et al. 1990 , Morita et al. 1994 . Aggarwalet al. (1994) Flora et al. 1991 , Muto et al. 1991 , Suzuki et al. 1991 , Yokoi et al. 1991 , Wlostowski 1992 , Muller et al. 1993 , Chen et al. 1997 , Eybl et ai. 1998 . Table 4 shows the ranges of the average values of elemental concentrations in adult rat livers in the previous studies. The ranges of measured values in the rats of 2-12 months old in the present study are also presented for comparison. Most of the measured values obtained here were within the literature ranges, except that the concentration of Co was higher, and that of Pb was slightly lower than those reported previously. For Mo, although there were not enough data in our study to estimate the normal range of the concentrations of these elements in rat liver, the measured values were similar to those reported previously.
Since the major purpose of the present study was to examine the potential use of ICP-MS for determining trace elements in animal tissues, the number of animals used for studying the age-related change was limited to three animals in each age group. Therefore, the data obtained were not enough to define certain physiological values for Wistar rats in different age groups. However, there were apparent tendencies for the concentrations of some elements (Fe, Mn, Mo, Co, and Cd) to increase with age, and in contrast, eu and Zn concentrations decreased with increasing age, especially during the early period of growth. The concentrations of other elements were relatively constant throughout the experimental period. Uchino et al. (1990) studied age-related changes in seven elements (Fe, CUI Zn, Mg, Hg, Cd and Pb) in Sprague-Dawley rat organs, and discussed possible mechanisms for them. Although accurate comparison was difficult because of the difference in animal ages examined, the general tendencies of agedependent changes in the concentrations of these elements were well consistent between the studies of Uchino et al. and us. Palm et al. (1990) also reported that the concentrations of Cu and Zn decreased with age in rat livers, whereas they increased with age in serum and kidneys. The effect of ageing on the mineral status was also studied in mouse organs (Morita et al. 1994) . The concentrations of seven elements (Na, Mg, P, Ca, Fe, Mn, Cu, and Zn) were determined in the organs of C57BL/1Omice aged 2,5 and 10 months, and only Fe concentration was found to increase with age. Considering that the youngest animal used was 2 months old, their results were very consistent with our present findings.
In the present study, sample treatment was limited as much as possible, in order to avoid contamination and the loss of trace elements, and was simplified for the rapid preparation of a large number of samples. If further purification techniques are performed on the sample preparation, it will be possible to measure other elements than those determined here. For example, Janghorbani and coworkers (Sun et al. 1987 , Janghorbani et al. 1988 , Ting et al. 1989 ) have developed ICP-MS methods for the accurate measurement of Li, Br, and Se in biological fluid by using chemical separation procedures after sample dissolution and acid digestion. Recently, Fujimori et al. (1996) have shown that if resin pre-concentration is employed, all rare earth elements can be determined successfully by using ICp·MS in human serum. Owing to its high sensitivity, multi-element capacity and convenient form of sample introduction, ICP-MS is undergoing explosive growth in its use for trace element determinations. ICP-MS has the potential to determine a large number of elements in relatively small sample amounts, suggesting that this method promises a reduction in the number of experimental animals that need to be used. At present, many studies are being carried out by several groups to overcome the limitations and utilize the full potential of ICP-MS for analysing biological samples, as reviewed by Aggarwal et al. (1994) .
